Introduction
[2] More than 30 active volcanic systems are defined in Iceland ( Figure 1a ). The majority of these are within extensional rift segments making up the plate boundary. A volcanic system is defined by a fissure swarm, typically associated with a central volcano. Deformation studies of Icelandic volcanoes have utilized various geodetic techniques (dry-tilt leveling, leveling, EDM, strain-meters, GPS and InSAR). Mogi point source models for magma chambers have been applied to explain the data [e.g., Tryggvason, 1989; Linde et al., 1993; Á rnadóttir et al., 1998; , the source depths ranging between 2 and 9 km.
[3] Eyjafjallajökull is an icecap covered stratovolcano rising to an elevation of 1666 m.a.s.l. (Figure 1) . The volcano has a $2.5 km wide ice filled summit crater. The icecap extends well beyond the crater, covering an area about 80 km 2 in total. Unlike central volcanoes within spreading segments, Eyjafjallajökull has no well developed fissure swarm oriented along the plate boundary. Rather the system exhibits an E-W oriented elongation, with radial eruptive fissures. Volcanic activity in the system is sporadic, with only one confirmed and one suspected eruption in historic time (approx. 1100 years).
[4] In late May 1994, an earthquake swarm commenced, lasting about one month, preceded since 1991 by low but elevated earthquake activity. The largest swarm earthquake in 1994 was a M L = 2.3, and of the 132 swarm events 86 were of M L ! 1.2. The earthquakes were recorded by a network of three-component seismic stations, the closest at $15 km distance. Revised earthquake locations were provided by K. Vogfjörd, Icelandic Meteorological Office (personal communication, 2004) . We selected the best located events, based on estimated rms travel-time residuals 0.2 s, horizontal error (erh) 1.5 km, vertical error (erz) 3.0 km, and largest gap between recording stations 180°. This reduces the dataset from 132 to 50 events. Of these 9 have erz 2.0 km and are subsequently termed ''well located''. The hypocentral distribution of the best located events fall within a tilted volume, extending from 10.5 km depth beneath the northern flank of the volcano, shallowing towards NNE. Well located events are confined below 8.5 km depth, with one exception at 3 km. Dahm and Brandsdóttir [1997] deployed a local network of five stations during the 1994 swarm, and relocated 15 events covering 11 days, using recordings from both networks. Relocated events have depths between 4.7 km and 6.3 km (erz 0.5 km). Their moment tensor study indicates that the activity was caused by an intrusion, interpreted to be an E-W striking dike, extending from 5 -15 km depth, with suggested maximum opening of 7.5 meters, intruded beneath the northern flank of the volcano. Limited optical leveling and GPS deformation measurements bracket crustal deformation to have taken place between 29/09/93 and 09/09/94, but contrast the dike model described above [Sturkell et al., 2003] . Deformation was interpreted to be due to an inflating Mogi source beneath the southern slopes of Eyjafjallajökull, but no modeling was done due to paucity of data (two GPS stations with initial measurements after the onset of activity; one tilt vector). The InSAR data presented here support the interpretation by Sturkell et al. [2003] that most deformation took place on the southern slopes. We apply a detailed magma source geometry in an attempt to provide a better basis for understanding the spatial offset between seismicity and deformation.
Data and Methods
[5] Interferometric analysis of Synthetic Aperture Radar (InSAR) images acquired by the ERS1 and ERS2 satellites, has proven to be a valuable tool in studying deformation of GEOPHYSICAL RESEARCH LETTERS, VOL. 31, L14610, doi:10.1029 /2004GL020368, 2004 Copyright 2004 by the American Geophysical Union. 0094-8276/04/2004GL020368$05.00 the Earth's surface [e.g., Massonnet and Feigl, 1998 ]. Precise measurements of the range change, record ground movements created between imaging epochs. Measurements are done along the satellites LOS, represented by a unit vector from ground to satellite. At the volcano summit region it is [0.394, À0.109, 0.913] for track 52, and [0.355, À0.103, 0.929] for track 324, in east, north, and upward components. Deformation is seen as fringes, each representing a change of 28 mm.
[6] InSAR observations of deformation due to both magmatic and seismic activity have been reported in Iceland [e.g., Feigl et al., 2000; Pedersen et al., 2003] . We use the PRISME/DIAPASON software to calculate interferograms in the 2-pass approach described by Massonnet and Feigl [1998] . The DEM (vertical accuracy $30 m), orbital modeling and filtering are all the same as used by .
[7] Our area of interest exhibits considerable topography. On very steep slopes, InSAR fails due to layover and shadowing effects. Another effect arising from topography is turbulent atmospheric conditions, identified in several interferograms by pair-wise logic. The valley north of the volcano is particularly disturbed in this regard.
Interferometric Results
[8] We have analyzed a series of 17 interferograms, created from 13 SAR images, in ERS track/frame 52/2313, and 324/2313 ( Figure 1a ). The interferogram series spans from 02/08/92 to 09/09/98. Deformation signals occur in the Eyjafjallajö kull area, assumed to originate from the 1994 intrusive episode. Maximum deformation is south of the summit crater. InSAR data only constrain the deformation to have occurred between 03/08/93 and 06/06/95. We use five image-pairs of high to moderate data quality spanning 1994 for inverse modeling (Table 1 and Figures 2a -2e ), discarding data of poor quality or not spanning the time of the intrusion.
[9] The maximum range change cannot be determined due to lack of coherence in the area which appears to be the center of deformation. The visible fringes amount to $15 cm of range decrease. Local weather conditions in the valley to the north of the volcano add atmospheric noise in several interferograms (Figures 2b and 2d) . Unwrapping was done using Markov Random field regularization and a simulated annealing optimization [Gudmundsson et al., 2002] . The data were for computational convenience down-sampled by quadtree partitioning [e.g., Welstead, 1999] .
Modeling of Deformation
[10] To explain the observed deformational fringe pattern, we first tested the dike model suggested by Dahm and Brandsdóttir [1997] . Our spatially dense deformation data contradict the model, as the predicted deformation is far too extensive. We then attempted in turn to fit a simple, expanding point-source model [Mogi, 1958] and a finite rectangular, tensile dislocation buried in an elastic half-space [Okada, 1985] , simulating both dike and sill geometries. We assume Poisson's ratio n = 0.25. Our inversion procedure uses simulated annealing followed by a derivative based method, as described by Cervelli et al. [2001] and used by Pedersen et al. [2003] . All model parameter bounds were initially left loose. Data weighting were based on a combination of h a and the number of data points in the reduced data (Table 1) .
[11] The RMS of the total dataset, assuming a null model, is 4.4 cm. A best-fit Mogi-model situated at 63.610°N and À19.560°E at 4.6 km depth, with a volume of 0.018 km 3 , yields a RMS of 0.9 cm. A dike model cannot fit the data, but a horizontal sill, extending 9.3 Â 7.5 km at 4.5 km depth, with uniform opening of 0.22 m (volume = 0.016 km 3 ) yields a RMS of 0.8 cm. Equally good fits can be obtained by more voluminous, thicker sills of smaller horizontal dimensions, intruded at larger depths. The modeling constrains the source depth to 4.5-6.0 km. For further investigations we selected the model of minimum intruded volume (4.5 km depth). The sill plane geometry was fixed according to the uniform opening plane, though extended in horizontal dimensions. The plane was divided into patches 0.5 Â 0.5 km and optimized for the opening on each patch, as done by Amelung et al. [2000] . Maximum opening is 36 cm giving an intrusion volume of 0.017 km 3 and a RMS of 0.7 cm. 
Discussion and Conclusions
[12] Our three different model solutions have volume estimates varying between 0.016 -0.018 km 3 , and RMS values between 0.7-0.9 cm, indicating that the data are relatively insensitive to the model source geometry. The sparse existing GPS and tilt data [Sturkell et al., 2003] can hardly discriminate between these models. We prefer the sill models as their northern terminations coincide with the cluster of swarm earthquakes, and a similar event in 1999 strongly favors a sill model (R. Pedersen and F. Sigmundsson, manuscript in preparation, 2004) .
[13] The aspect ratios (thickness/width) of the sill models are very low compared to theoretical scaling laws for sill formation and fall outside suggested ranges by, e.g., Cruden and McCaffrey [2002] . Their results are however based on felsic intrusion data, whereas the intrusion in Eyjafjallajökull most likely is of mafic composition. Mafic magmas are hotter, and less viscous than felsic melts, hence capable of moving faster and further before solidifying. The modeled sill thickness should be considered a minimum value because 1) uniform crustal structure was assumed in the modeling, neglecting possible layering and 2) non-elastic deformation may partly have facilitated the intrusion. If the crust is better simulated by a stack of layers of different flexural rigidity, deformation may to some extent be taken up by interaction between layers [Pollard and Johnson, 1973] . The effective thickness of a stack of layers will be significantly thinner than the stack, and intrusion depth may be underestimated, as well as the sill thickness.
[14] We consider three processes which may account for a link between the earthquakes and the surface deformation. i) Magma movement may induce stresses, and trigger smallscale faulting on previously existing weaknesses in the crust. ii) Some earthquakes may be caused by peripheral dyking aborted at an early stage. Peripheral fracturing and dyking occurs when a sill intrusion causes its roof to uplift, and is a common feature of doleritic sill complexes, e.g., in the North Rockall Through [Thomson and Hutton, 2004] . The occurrence of micro-earthquakes at significantly greater depths than the sill intrusion can however not be explained by this process. iii) Our preferred explanation is that the earthquakes under the northern flank were induced by a feeder channel, transferring magma from depth to the level of the sill intrusion. By combining depth ranges from the well located IMO earthquakes spanning the entire swarm (8.5 -10.5 km), and the more accurate locations of the Dahm and Brandsdóttir [1997] study (4.6 -6.3 km) it may be suggested that magma opened a small feeder channel, setting off micro-earthquakes. This is consistent with the moment tensor study. The sill intrusion level corresponds roughly to the minimum depth of well located earthquakes. The dimensions of the channel are limited, as no surface deformation can be attributed to it.
[15] The Eyjafjallajökull volcano is situated near the tip of the EVZ propagating rift. Extension across the EVZ in this area is suggested to be a few mm/yr [Sturkell et al., 2003] , hence regional stress conditions should favor NE-SW trending dike formation. However, the topographic load from the stratovolcano produces considerable stress changes within crustal layers, which may equal, or exceed the tectonic stresses in the region [Van Wyk de Vries and Matela, 1998 ]. Also, local stress conditions may be temporally altered by preceding dike injections, creating a stress barrier and thereby favor sill formation [Gudmundsson, 1990] . Another seismic swarm occurred in 1999. Better temporal resolution of the deformation process has been obtained for 1999, having the potential to reveal further details of the intrusive processes taking place within this otherwise quiet volcano.
